Abstract--Heterogeneous fault motion of the 1993 Hokkaido Nansei-Oki earthquake is studied by using seismic, geodetic and tsunami data, and the tsunami generation from the fault model is examined. Seismological analyses indicate that the focal mechanism of the first 10 s, when about a third of the total moment was released, is different from the overall focal mechanism. A joint inversion of geodetic data on Okushiri Island and the tide gauge records in Japan and Korea indicates that the largest slip, about 6 m, occurred in a small area just south of the epicenter. This corresponds to the initial rupture on a fault plane dipping shallowly to the west. The slip on the northernmost subfault, which is dipping to the east, is about 2 m, while the slips on the southern subfaults, which are steeply dipping to the west, are more than 3 m. Tsunami heights around Okushiri Island are calculated from the heterogeneous fault model using different grid sizes. Computation on the smaller grids produces larger tsunami heights that are closer to the observed tsunami runup heights. Tsunami propagation in the nearly closed Japan Sea is examined as the free oscillation of the Japan Sea. The excitation of the free oscillation by this earthquake is smaller than that by the 1964 Niigata or 1983 Japan Sea earthquake.
Introduction
The Hokkaido Nansei-Oki (southwest off Hokkaido) earthquake of July 12, 1993 generated devastating tsunamis that caused significant damage in Japan, particularly on Okushiri Island. The death total (including those still missing) was 230 and the damage totaled 1.2billion U.S. dollars (IsHIYAMA, 1994) . This earthquake was recorded on seismograms worldwide. The tsunamis were recorded on many tide gauges around the Japan Sea, including several in Korea. In addition to these instrumental data, extensive measurements were made on Okushiri Island for tsunami runup heights and crustal deformation. These surveys (e.g., HOKKAIDO
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Figure 1 The source regions and focal mechanisms of the earthquakes along the eastern margin of the Japan Sea.
Plate boundaries in the region are shown in the inset map.
SATAKE, 1986). They are the 1940 Shakotan-oki (Mw 7.5), 1964 Niigata (M,. 7.5), and 1983 Japan Sea (Mw 7.9) earthquakes. Because of the semi-periodic occurrence of large earthquakes and geological background, it has been proposed in the last decade (NAKAMURA, 1983; KOBAYASHI, 1983) that the boundary between the North American and Eurasian plates has moved to the eastern margin of the Japan Sea in the last 1-2 Ma. A more recent model introduces another plate, the Okhotsk plate, and argues that the eastern margin of the Japan Sea is a convergent boundary between the Eurasian and Okhotsk plates (SENO and SAKURAI, 1993) . In this paper, we estimate the heterogeneous fault motion of the 1993 Hokkaido Nansei-Oki earthquake and examine the tsunami generation from the fault model.
We first summarize the seismological analyses in Section 2. After we describe the tsunami and geodetic observations in Section 3, we perform inversions of tsunami and geodetic data in Section 4 to estimate the slip, or moment, distribution on the fault. The tsunami heights around Okushiri Island are computed using different grid sizes and are compared with the observed runup heights in Section 5. In Section 6, the tsunami generation is discussed from the viewpoint of free oscillation of the Japan Sea. The excitation coefficients are computed from the fault model and compared with those from other tsunami events in the Japan Sea.
Seismological Analyses
Analyses of Global Data
The Hokkaido Nansei-Oki earthquake occurred at 13 h 17 m 11.9 s on July 12 (GMT). The epicenter is 42.851~ 139.197~ and the surface wave magnitude (M,.) is 7:6, according to the National Earthquake Information Service. The moment tensor solutions were estimated by Harvard University (DzIEWONSKI et al., 1994) and the USGS (SIPKIN, 1994) . The former uses long-period waves whereas the latter uses shorter-period body waves. Both show a reverse fault with the strike approximately in the N-S direction. However, the dip angles were quite different. The Harvard CMT solution shows that the fault plane is either shallowly (with a dip angle of 35 ~ dipping to the east or steeply (55 ~ dipping to the west. The USGS solution, on the other hand, shows a shallowly (39 ~ dipping plane to the west and a steeply (60 ~ dipping plane to the east. The seismic moment estimates are also different; the Harvard CMT solution gives 4.7 x 1020 Nm, while the USGS solution is 1.1 x 102~
Because of these discrepancies, we independently performed both CMT and body wave inversions (TANIOKA et al., 1995) . The inversion of teleseismic body waves for Moment Tensor Rate Functions (MTRF inversion) exhibits a similar focal mechanism to that obtained by the USGS; a shallow (24 ~ dipping plane to the west and steeply (66 ~ ) dipping plane to the east. The first motions on global seismic networks are also consistent with this focal mechanism. The moment rate function, or the source time function, shows that about 2 x 102o Nm of the moment was released within the first 10 s, followed by a continuing moment release up to 1 min. Using this time function as the Green's function, we performed the CMT inversion. The result is still very similar to the Harvard solution; a shallowly (32 ~ dipping plane to the east and a steeply (63 ~ dipping plane to the west, and the total seismic moment is 5.5 x 102~ Nm.
The CMT solution represents an average picture of focal mechanism and seismic moment, whereas the MTRF solution from body waves represents an initial rupture. The comparison indicates that about a third of the total seismic moment was released in the first 10 s with a somewhat different focal mechanism (TANIOKA et al., 1993) .
Analysis of Local Data
The aftershock distribution has been determined by KASAHARA et al. (1994) and shown in Figure 2 . The figure shows the epicenters of aftershocks that occurred within 5 months of the main shock. The aftershocks plotted in Figure 2 were all recorded at a station on Okushiri Island and relatively well-located. Nevertheless, the absolute depth may not be well constrained because of poor station distribution and incomplete knowledge of the velocity structure. The dip angle of fault plane is therefore more reliably estimated from focal mechanism studies; the aftershock distribution facilitates our choice of the actual fault plane from the two nodal planes.
The panels on the right in Figure 2 show the cross sections of the aftershock distribution. We will mostly focus on the upper edge of the aftershock clusters. In the northernmost section (A), the distribution shows a planar structure dipping to the east. Along the next two sections (B and C), the clusters, particularly the upper (1994) . Frames in the map show the projections of subfaults that are used for the inversion. Panels in the right show the cross sections perpendicular to the strike of the subfaults. The shaded box indicates the projection of the subfaults.
Two focal mechanism solutions are also shown. Star indicates the hypocenter of the main shock.
edge, seem to be dipping to the west, although it is less clear than section A. Along the southern two sections (D and E) , it is more difficult to judge the orientation of the fault plane. In particular, along section D, two planes, one shallowly dipping to the east and the other steeply dipping to the west, may be identified. The two focal mechanism solutions are also shown in Figure 2 . As mentioned above, the MTRF solution represents the focal mechanism of the first 10 s of rupture, presumably near the epicenter (in section B). The aftershock distribution suggests that the shallowly (24 ~ ) dipping plane to the west is the actual fault plane.
Tsunami and Geodetic Observations
Tsunamis on Tide Gauges
Tsunamis from the Hokkaido Nansei-Oki earthquake were recorded on many tide gauge stations in Japan and Korea. The observed tsunami waveforms (solid curves) compared with the computed ones (dashed curves) from the heterogeneous slip distribution estimated in this study. The time range of the waveform in rain from the earthquake origin time is shown below the station name. For example, the Wakkanai record starts at 71 min after the origin time.
gauge stations we used in our analysis. The tsunami waveforms are shown in Figure 4 . The closest tide gauge stations to the source area are Iwanai to the north and Esashi to the south. There was no station on Okushiri Island. At Iwanai, the sea level first fell about 12m in after the earthquake (the ground shaking due to the earthquake was recorded on the tide gauge) and a sharp rise started at about 20 min. The amplitude of the first fall was 6 cm and the following rise was about 1 m. The maximum amplitude (140 cm) was registered in the next cycle at about 55 min after the earthquake. At Esashi, the first fall of water level started at 10 min after the earthquake (the ground shaking was also recorded at this station) and the amplitude was about 34 cm. The amplitude of the following peak is 90 cm. After another peak, the gauge went off-scale. Tsunamis are recorded at other stations with smaller amplitudes (Figure 4 ). The tsunamis arrived at Korean tide gauge stations 100-110 min after the event with amplitudes of more than 1 m.
Tsunami Runup Data
The tsunami runup heights were extensively measured on Okushiri Island and the Hokkaido and Honshu coasts. On Okushiri Island, the largest tsunami runup was 32 m, recorded in a small valley near Monai. The average runup height is more than 10 m in the southern half of the island, while it is much less than 10 m in the northern half. The detailed survey report can be found in HOKKAIDO TSUNAMI SURVEY GROUP (1993) and SHUTO and MATSUTOM! (1995) . We will later compare the calculated tsunami heights with the observed runup heights.
Geodetic Data
Subsidence of Okushiri Island has been measured by various methods. TSUT-SUMI et al. (1993) performed continuous measurements of the water level at several harbors and estimated the water levels, consequently the ground heights, after the earthquake. Comparison of these heights with leveling data before the earthquake revealed the subsidence amounts with errors smaller than 5 cm. KUMAKI et al. (1993) made similar estimates on coastal constructions such as breakwaters. They also made GPS measurements. These data are compiled in Figure 5 . The amount of subsidence is smaller at the northeastern end of the island (smallest 5 cm, but mostly about 20 cm) and larger at the southwestern end (about 80 cm). The island, as a whole, had tilted to the west.
Inversions of Geodetic and Tsunami Data
Method
Among the various fault parameters such as size and geometry (strike, dip and slip angles), only the slip amount is linearly related to the crustal deformation and consequently tsunami waveforms. We fix the other parameters and estimate the slip distribution on the fault from geodetic and tsunami data. The observational equation is written as (NATAKE, 1993) 
cross-section( S W-NE )
Figure 5 (top) The observed subsidence of Okushiri Island. The dark shaded bars are the data by TSUTSUMI et al. (1993) based on the landmark of harbors, the lightly shaded bars are GPS data by KUMAKI et al. (1993) , and the white bars are the data by KUMAKI et aL (1993) 
where V is the horizontal velocity of water, g is the gravitational acceleration, h is the water height and d is the water depth, are solved using the finite-difference method. The computational area is shown in Figure 3 . The grid size is 1 minute and there are 960 x 900 grid points. The time step of the computation is 5 s to satisfy the stability condition. For other computational details, see SATAKE (1995).
We divided the source area into five subfaults as shown in Figure 2 . The fault size and strike are determined in such a way that the subfaults cover the aftershock area. The size of each subfault is given in Table 1 . Top edge of all the subfaults is on the ocean bottom (0 km depth). The dip angles are determined from focal mechanism solutions. The northernmost subfault, A, strikes N20~ and dips 30 ~ to the east. The next two subfaults, B and C, strike N20~ and dip 30 ~ to the west. For the southernmost two subfaults, D and E, we considered both the eastward dipping (30 ~ ) fault plane and the westward dipping (60 ~ ) fault plane. The strikes are the same, N20~
We applied the jackknifing technique (e.g., TICHELAAR and RUFV, 1989) to the error analysis. We inverted the data twenty times, each time randomly dropping 8% of the data. The errors for the slip amount are the standard errors of the twenty inversions multiplied by a scale factor, 3.44 in the present case. 
Inversion of Geodetic Data
Since the geodetic data are available only on Okushiri Island, we tried to estimate the slip only on the southernmost subfault, E, which lies next to Okushiri Island. An inversion for the other faults would be very unstable (SATAKE, 1993) . The result (Figure 6 ) demonstrated that slip amount is 9.6 m if the fault plane is dipping to the east, and 4.3 m if it dips to the west. The errors for either case are about 0.1 m, very small, as shown in Figure 6 . The result indicates that a larger slip is required on the eastward dipping fault plane in order to explain the subsidence of Okushiri Island.
Inversion of Tsunami Data
The results of the inversion, using only tsunami data, are displayed in the center column of Figure 6 . Both eastward and westward dipping planes of subfaults D and E yield very similar slip amounts, 3-4 m. The dip directions of subfaults D and E affect the estimation of slip amount on subfault C, although its dip direction is fixed to the west. The slip amount is estimated as 7.8 m if subfaults D and E are dipping to the west, and 6 m if they are dipping to the east. The slip amount on subfault A Figure 6 The results of the inversions. The top raw is for the westward dipping subfaults D and E, the bottom raw is for the eastward dipping subfaults D and E. The dip directions of the other subfaults are fixed; subfault A dips to the east and subfaults B and C dip to the west. The left, center, and right columns are for the joint, tsunami and geodetic inversion, respectively. The error bars are also shown.
is about 2 m and it is practically zero for subfault B, whether subfaults D and E are dipping to the east or west. Similar slip distributions for east-and westward dipping planes indicate that it is difficult to distinguish the actual fault plane from tsunami data alone.
Joint Inversion
We next use geodetic and tsunami data. The result of the joint inversion is shown in the left column of Figure 6 . The slip amounts on subfaults A through D are very similar to those from the tsunami inversion. This is not surprising, because the geodetic data on Okushiri Island have poor control on the slip on these subfaults. The slip amount on subfault E is different for the eastward and westward dipping cases. It is 3.8 m for the westward dipping plane, but 5.9 m for the eastward dipping plane. For the westward dipping plane, the geodetic, tsunami, and joint inversions all give similar slip amounts, about 4 m. For the eastward dipping plane, on the other hand, the slip estimated from the geodetic inversion is considerably larger (9.6 m) than that from the tsunami inversion (4.0 m). The joint inversion yields an amount (5.9 m) between these two. This indicates that the westward dipping plane provides a more stable and consistent solution. Furthermore, the variance reduction of the inversion is 81% for the westward dipping faults, whereas it is 71% for the eastward dipping faults. Hence, we prefer the solution on the westward dipping faults and conclude that the fault plane is dipping to the west at subfaults D and E. Table 1 shows the final slip distribution from the joint inversion of tsunami and geodetic data, assuming that subfaults D and E are dipping to the west. Subfault A is dipping east and subfaults B and C are dipping west. The seismic moment on each subfault is calculated by assuming that the rigidity around the fault is 3.5 • 101~ N/m 2. The seismic moment of subfaults B and C, near the epicenter, is 1.7 • 102~ which is very similar to the moment release in the first 10s (2 • 102o Nm) estimated from the MTRF inversion. Therefore the slips on these subfaults occurred in the initial stage of the earthquake. The total seismic moment estimated from the slip distribution is 4.9 • 102o Nm, which is slightly smaller, but very close to the total moment estimated by our CMT inversion (5.5 • 102o Nm). This indicates that the slip on the northern (A) and southern (D and E) subfaults occurred after those on subfaults B and C.
Heterogeneous Fault Model
The tsunami waveform at each tide gauge station is computed from the final model and shown in Figure 4 . The observed and computed tsunami waveforms match very well, both arrival time and amplitudes. The subsidence of Okushiri Island computed from the final slip distribution is shown in Figure 5 . The bottom PAGEOPH, of the figure shows a cross section along the direction N70~ which is perpendicular to the strike of subfaults D and E. The calculated subsidence delineates the westward tilt of the island with an amount very similar to the observed.
Comparison with Runup Heights
We compute tsunami heights around Okushiri Island from the heterogeneous fault model. The computations are now made using nonlinear shallow water equations (for details see SATAKE, 1995) . Figure 7 shows the initial condition, or the ocean bottom deformation from the final fault model, as well as the tsunami computational area. We repeated the computation three times using different grid sizes. They are 1 minute ( 1.9 km x 1.4 km), 20 seconds (0.62 km x 0.46 km) and 6 seconds (0.19 km x 0.14 km). In each case, the tsunami propagation for 20min after the earthquake is calculated and the maximum tsunami heights around Okushiri Island are recorded. We divide the Okushiri coast into small segments,
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Figure 7 The vertical deformation on the ocean bottom computed from the final slip distribution on the subfaults. The solid curves indicate uplift and the dashed curves indicate subsidence. The contour interval is 20 cm.
The nonlinear tsunami computations described in Section 5 are made in the map area. each about 2 km long, as shown in Figure 8 . The tsunami heights in each segment are plotted in Figure 8 with the observed runup heights (HOKKAIDO TSUNAMI SURVEY GROUP, 1993) . Figure 8 shows that the computed tsunami heights are smaller than the observed runup heights. The computed heights from the different grid sizes are similar on the northern coast of Okushiri, but differ significantly on the southern coast where the observed runup heights are large. The tsunami heights computed using smaller grid sizes are larger and closer to the observed heights. The computed tsunami heights on the 6 second grids are twice as large as (100% larger than) those on the 1 minute grids, and the tsunami heights on the 20 second grids are as much as 50% larger than those on the 1 minute grids. This is probably due to the fact that smaller grids can represent the coastal topography more accurately than the coarser grid.
The ratio of the observed runup heights to the calculated tsunami heights, or the amplification factor, therefore depends on the grid size. In the present case for Okushiri Island, it is 1-2 for the 6 second grids, 1-3 for the 20 second grids, and 2-4 for 1 minute grids. The result indicates that we can reproduce the observed runup heights when, and only when, we use very small grid size. PAGEOPH,
Free Oscillation of the Japan Sea
The Japan Sea is an almost closed water basin. Tsunamis generated in the Japan Sea therefore continue persistently, because of the multiple reflections on the coasts. SATAKE and SHIMAZAKI (1988a,b) examined tsunamis from the 1964 Niigata and 1983 Japan Sea earthquakes in both wave-theoretical and normal-mode approaches. In the latter approach, they found that the 1983 Japan Sea earthquake excited all the modes equally whereas the 1964 Niigata earthquake mainly excited the regional modes. They interpreted this different excitation as due to the different water depths at the source area; the Niigata earthquake occurred beneath a continental shelf about 100 m deep whereas the water depth at the 1983 epicenter is about 2500 m (SATAKE and SHIMAZAKI, 1988b) . The Hokkaido Nansei-Oki earthquake occurred beneath the deep (about 3000 m) part of the Japan Sea, similar to the 1983 event.
The characteristic period of tsunami at the source can be estimated by dividing the source size by the long-wave velocity in the source region. While the source size is similar, about 100 km for all these earthquakes, the long-wave velocity varies from 0.03 km/s for a 100 m deep ocean to 0.17 km/s for a 3000 m depth. Accordingly, the characteristic period of generated tsunamis would be about 10 min for the Hokkaido Nansei-Oki or 1983 Japan Sea events (a source in the deep ocean), but would exceed 50 min for the Niigata earthquake (a source on the continental shelf). In the following, we will examine the difference in the tsunami generation from the viewpoint of excitation of the normal modes.
I Summary of Normal Mode Approach
Here we summarize the normal-mode theory of tsunamis; for more details, see SHIMAZAKI (1987, 1988b) . From the linear shallow water equation (2) and the equation of continuity (3), we can derive a wave equation
Assuming that the water height changes periodically in time, i.e.,
where q5 describes the spatial distribution of water height and o~ is the angular frequency, we can rewrite equation (4) 
The eigenvalue 2 is characterized by the eigenfrequency (:). Equation (6) can be numerically solved for actual bathymetry using a supercomputer. SATAKE and SnJMAZAKI (1988b) computed the eigenvalues and eigenfunctions for the lowest 100 modes. The shortest eigenperiod (for mode 100) is about 50 rain.
Tsunami waveforms can be written as a superposition of normal modes,
where C~ is a coefficient, or weight, for each mode. The coefficient can be calculated from the initial water height, h0, in the source area,
ds ource for an instantaneous source.
Excitation of Free Oscillation by the Hokkaido Nansei-Oki Event
We calculated the coefficients of each mode for the 1993 Hokkaido Nansei-Oki earthquake and compared them with those of the 1964 Niigata and 1983 Japan Sea events (SATAKE and SHIMAZAKI, 1988b) in Figure 9 . The fault model was proposed by SATAKE and ABE (1982) for the Niigata earthquake, and by SATAKE (1989) for the Japan Sea earthquake. Figure 9 demonstrates that the excitation coefficients for the 1993 event are the smallest among the three. The largest coefficient is about 30 cm for mode 49, whose eigenperiod is 72 min. The coefficients for the other modes are about 10 cm or smaller. This indicates that the tsunami from the 1993 earthquake contained a large component with a period of 72 rain. However, the observed tsunami spectra at coastal points such as tide gauge locations are also affected by the value of eigenfunctions at the observational points (see equation (7)).
The variation in excitation coefficients, (for example, the coefficient for mode 4 is 13cm, but only 3 cm for mode 5), is due to the relationship between the eigenfunction (spatial distribution of water height in each mode) and the location of the source. As shown in Figure 10 , the location of the source is near the maximum of eigenfunction for mode 4, whereas it is on the nodal line for mode 5. Therefore, the excitation for mode 5 is considerably smaller than that for mode 4. The eigenfunction of mode 49 has a peak near the source (see Figure 10) , which explains why the excitation coefficient of that mode is the largest.
Conclusions
The generation characteristics of the 1993 Hokkaido Nansei-Oki earthquakes are examined. The results are summarized as follows.
(l) The aftershock distribution and the joint inversion of geodetic and tsunami data indicate that the fault plane is dipping to the west except at the northern end of the source area where the fault shallowly dips to the east. The fault is shallowly PAGEOPH, The excitation coefficients for each mode calculated from the 1964 Niigata earthquake (top), the I983 Japan Sea earthquake (center) and the 1993 Hokkaido Nansei-Oki earthquake (bottom). dipping to the west near the epicenter, but the dip is steeper on the southern part of the fault.
(2) The joint inversion indicates that the largest slip, about 6 m, occurred just south of the epicenter, This corresponds to the moment release of the first 10 s, as estimated from the seismic wave analysis. The slip on the northern and southern parts of the fault is smaller, 2-4 m.
(3) Computation of tsunamis around Okushiri Island, using different grid sizes, shows that the computed tsunami heights become larger as the smaller grid size is used. This indicates that computation on small grids is necessary to reproduce the observed runup heights.
(4) The normal mode approach indicates that the tsunami excitation from the 1993 Hokkaido earthquake was smaller than the 1964 Niigata and 1983 Japan Sea earthquakes. The excitation was largest for mode 49 with a period of 72 min.
